appearance of the lamellar liquid crystalline phase is colorless and transparent while the α-, β-, and γ-phases appear white and turbid.
At present, many systems which exhibit the α-form hydrated crystalline phase have been reported. The result of mixing two different alkyl chain length alcohols with polyoxyethylene 15 mol oleyl ether was evaluated by Fukushima 2, 3 . Yamaguchi proposed a structure of the α-form hydrated crystal composed of stearyltrimethyl ammonium chloride, 1-hexadecanol, and water 5, 6 . Debnath evaluated the phase transition from gel to liquid crystalline phase of a mixture of behenyl trimetyl ammonium chloride, stearyl alcohol, and water with molecular dynamics simulations 7 .
Recently, we have reported the physicochemical properties of the α-form hydrated crystalline phase of a sodium methyl stearoyl taurate/behenyl alcohol/water system and evaluated the stability of an ionic complex of anionic and cationic surfactants in the α-form hydrated crystal 8, 9 . All of these systems, however, contain only hydrocarbon surfactants. To the best of our knowledge, there has been no report indicating that fluorosurfactants or silicone surfactants form α-form hydrated crystalline phases with higher alcohols.
Silicone surfactants can provide a lower surface tension than hydrocarbon surfactants. Due to this low surface tension, excellent spreading capacity and skin compatibility are thought to be obtainable. The aim of this study, therefore, is to obtain a new system composed of silicone surfactants which exhibits the α-form hydrated crystal phase and to evaluate its physicochemical properties. However, silicone surfactants such as polyether-modified silicone emulsifiers are bulky and in a liquid state at ambient temperature. Therefore, α-form hydrated crystals cannot be formed with such silicone surfactants. In the present study, we designed a new carboxy modified silicone surfactant, 3-10-carboxydecyl-1,1,1,3,5,5,5-heptamethyl trisiloxane CDTS, as shown in Fig. 1 a and evaluated the phase behavior of a CDTS/higher alcohol/ polyoxyethylene 5 mol glyceryl monostearate GMS-5, as shown in Fig. 1 c /water quaternary system. The phases were identified with SWAXS and DSC measurements. The localization of each material in the crystal was identified with diffusion ordered NMR spectroscopy DOSY , a twodimensional NMR technique in which the x-axis is the 1 H-NMR signal and the y-axis is the self-diffusion coefficient D sel .
EXPERIMENTAL

Materials
CDTS purity 95 wt was provided by Dow Corning Toray Tokyo, Japan . GMS-5 was purchased from Nihon Emulsion Tokyo, Japan . Behenyl alcohol 65 70 wt of behenyl alcohol and 30 wt of stearyl alcohol and cetyl alcohol purity 95 wt were purchased from Kokyu Alcohol Kogyo Chiba, Japan . Triethanol amine TEA, as shown in Fig. 1 b was obtained from The Dow Chemical Company Michigan, America . Potassium hydroxide KOH was purchased from Wako Pure Chemical Industries Osaka, Japan . All these materials were used without further purification. The water used in this study was purified through an ion-exchanged water purification system.
Sample Preparation
Total surfactant concentrations were set to 20 wt throughout in this study. The remaining 80 wt was water. Various ratios of constituents were poured into a 100 mL glass bottle and mixed with a homogenizer PRIMIX, Osaka, Japan at 85 . The samples were then cooled to 30 in an ice/water bath and stored at room temperature for 24 h before each measurement.
Differential Scanning Calorimetry DSC
DSC measurements were performed using a Mettler Toledo DSC 1 Mettler Toledo, Greifensee, Switzerland operating with STAR e software under nitrogen atmosphere.
The sample weight was adjusted to 5 mg, and samples were placed in an aluminum pan, and then heated from 0 
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to 80 with a heating rate of 3 /min.
2.4
Small Angle X-ray Scattering SAXS and Wide Angle X-ray Scattering WAXS SAXS and WAXS measurements SWAXS measurements were performed with a SAXSess camera Anton Paar, Graz, Austria . Cu-Kα λ : 1.542 Å radiation was used. The scattering intensity from each sample was measured at 25 for 10 min with a cyclone imaging plate detection system Perkin-Elmer, Waltham, MA, USA and the results were analyzed using SAXSQuant software Anton Paar .
Diffusion-Ordered NMR Spectroscopy DOSY
The DOSY experiments were performed on a pulse-gradient spin-echo NMR PGSE-NMR using a ECA600 NMR spectrometer JEOL RESONANCE at 600 MHz equipped with an NM-60TH5G probe JEOL RESONANCE without lock and spin 13 19 . The probe can be operated with a field gradient up to 13.6 T/m. For the PGSE-NMR measurements, a sample solution was put in a 5 mm o.d. NMR microtube BMS-005J, Shigemi, Tokyo, Japan . The height of the sample was kept as large as 6 mm so that the sample lay entirely within the constant magnetic field gradient region. PGSE experiments were performed using a stimulated-echo sequence incorporating bipolar gradient pulses and a longitudinal eddy current delay BPPLED 20, 21 . The free diffusion echo signal attenuation, E, is related to the experimental parameters by
where S is the spin-echo signal intensity, δ is the duration of the field gradient pulses with a magnitude of g, γ is the gyromagnetic ratio, and Δ is the interval between the two gradient pulses. Typical acquisition parameters were Δ 50 ms and δ 4 ms. 
Rheological Measurements
Rheological measurements were performed on an Anton Paar MCR302 rheometer Anton Paar, Graz, Austria , using a cone plate, CP25-2 22 24 . For the temperature dependent measurement of storage and loss modulus, the frequency was set to 1 Hz and the strain was set to 0.1 .
RESULTS and DISCUSSION
3.1 Phase Behavior 3.1.1 Phase diagram of CDTS-TEA/BEA/GMS-5/water system Figure 2 shows the phase diagram of the CDTS-TEA/ BEA/GMS-5/water system at 25 . The total concentration of surfactants and higher alcohols was set to 20 wt . The remaining 80 wt was water. CDTS was neutralized with TEA and the molar ratio of CDTS to TEA was set to 5:6. Compositions represented in the ternary phase diagram were based on mole fractions. Crystallographically speaking, there are no structural differences between the two α-form regions which are located close to the GMS-5 apex and in the central area of the phase diagram. However, the interplanar distances of these two regions determined by SWAXS measurements are quite different. The interplanar distance of the α-form region formed close to the GMS-5 apex is less than 10 nm, whereas the interplanar distance in the central area of the phase diagram is greater than 20 nm. 3.1.2 BEA/GMS-5/water system SWAXS and DSC measurements were performed in order to identify the phases and to define boundaries in the phase diagram. Figures 3 a and b show SWAXS patterns from samples of the BEA/GMS-5/water system at 25 . Peaks in the SAXS region were broad for the BEA/ GMS-5 0/100 and 20/80 systems, indicating that the interplanar distance was not uniform and these systems were not well-ordered. In the WAXS region of these two systems, however, sharp peaks around 15 nm 1 were observed, indicating the hexagonal packing of the alkyl chains and the existence of an α-form hydrated crystalline phase. With the increase in BEA concentration, the peak positions in the SAXS region were shifted to higher q values, indicating a decrease in the interplanar distance since the self-assembled system became more hydrophobic with the presence of BEA. From the WAXS patterns, only α-form hydrated crystals exist for the BEA/GMS-5 0/100, 20/80, 40/60, and 60/40 systems at 25 . However, for the BEA/GMS-5 20/80 and 40/60 systems, two kinds of α-form hydrated crystals coexist at 25 , as determined from the DSC measurements. They are speculated to be crystals composed of GMS-5 and a eutectic mixture of GMS-5 and BEA. In the BEA/GMS-5 80/20 and 100/0 systems, WAXS patterns indicate a phase transition from the α-to the β-or γ-form hydrated crystalline phases. From the DSC thermogram Fig.  3 c , GMS-5 alone takes the β-or γ-form below 8 , whereas it takes the α-form between 8 to 43 and transitions to a liquid state above 43 . On the other hand, BEA alone exhibits the β-or γ-form below 38 , the α-form between 38 and 70 , and takes on a liquid state above 70 . In the GMS-5 and BEA mixed system, melting peaks between 50 and 70 were shifted to higher temperatures continuously from 54 to 69 with increasing BEA molar ratio, indicating that GMS-5 and BEA form a eutectic mixture.
CDTS-TEA/BEA/water system
Figures 4 a and b show SWAXS patterns for the samples of the CDTS-TEA/BEA/water system at 25 . These patterns reveal that CDTS, when neutralized with TEA, forms a lamellar liquid crystalline phase at ambient temperature. The first peaks derived from the lamellar structure were shifted to lower q values Fig. 4 a , q 0.39 0.23 nm 1 by the addition of BEA, indicating an increase in the interplanar distance. Since the total concentration of surfactants and higher alcohols was fixed, the concentration of CDTS was decreased and therefore CDTS molecules were more hydrated after the addition of BEA. Furthermore, another peak was observed which was not derived from the lamellar liquid crystalline phase Fig. 4 a , q 1.11 nm 1 . This peak is speculated to originate from a hydrated crystal of BEA 9 . In the CDTS-TEA/BEA 1/5 system, a diffraction pattern of the lamellar liquid crystalline phase was no longer observed and only a diffraction pattern of a β-or γ-form hydrated crystalline phase was observed Figs. 4 a and b . In the CDTS-TEA and BEA mixed system, the melting peaks around 65 were almost unchanged regardless of the molar ratio of CDTS-TEA and BEA, indicating that CDTS has poor compatibility with BEA, probably because their alkyl chain lengths are largely different Fig. 4 c . Another endothermic peak was observed at 60 in the CDTS-TEA/BEA 1/1 system, which was speculated to originate from a eutectic mixture of CDTS-TEA and BEA. This eutectic mixture could be in an α-form hydrated crystalline phase, but less pronounced. CDTS-TEA and BEA. Thus, to obtain a single α-form hydrated crystalline phase at ambient temperature, GMS-5 was added to the CDTS-TEA/BEA system. Figure 6 shows SWAXS and DSC results for the CDTS-TEA/BEA/GMS-5/water system. As described in Fig. 2 , when the molar ratio of CDTS-TEA to BEA was set to 1:1, the observed samples changed phases with increasing GMS-5 concentration, transitioning from multiple phases to a single α-form hydrated crystalline phase and back to multiple phases. By adding GMS-5 to the CDTS-TEA/BEA 1/1 system, the two endothermic peaks at 60 and 65 became one peak and the melting points were shifted to lower temperatures from 65 to 53 as the GMS-5 concentration was increased Fig. 6 c . The single peak indicates that all of the components, CDTS-TEA, BEA, and GMS-5, were integrated into one eutectic mixture. As mentioned above, the first peak in the SAXS region for the CDTS-TEA/BEA 1/1 system in Fig. 6 a is speculated to originate from a lamellar liquid crystalline phase mainly composed of CDTS-TEA with an interplanar distance of 24.8 nm. If the lamellar liquid crystalline phase was retained even in the CDTS-TEA/BEA/GMS-5 mixed system, then the first peaks derived from the lamellar liquid crystalline phase should be shifted to lower q values by the addition of GMS-5, just as in the CDTS-TEA/BEA system, because the CDTS-TEA concentration would be relatively decreased by the addition of GMS-5. However, the q vector for the CDTS-TEA/BEA/GMS-5 2/2/3 system was 0.265 nm 1 , whereas that of the CDTS-TEA/BEA 1/1 system was 0.253 nm 1 , which indicates a shift to higher q values upon the addition of GMS-5. Hence, because CDTS-TEA was integrated into the eutectic mixture, the CDTS-TEA became 
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more hydrophobic and the interplanar distance decreased from 24.8 to 23.7 nm. At a CDTS-TEA/BEA/GMS-5 ratio of 2/2/3, a single α-form hydrated crystalline phase was formed at ambient temperature, having an interplanar distance of 23.7 nm and a melting point of 58 . There were also two other small endothermic peaks at 6.5 and 16 which are speculated to be the phase transition temperatures of the β-and γ-form hydrated crystalline phases.
When the molar ratio of CDTS-TEA to BEA was set to 1:2, a phase change was observed with increasing GMS-5 concentration as the samples transitioned from multiple phases to a single α-form hydrated crystalline Figs. 6 d , e , and f . In the CDTS-TEA/BEA/GMS-5 2/4/3 system, a single α-form hydrated crystalline phase was formed at ambient temperature, having an interplanar distance of 24.2 nm and a melting point of 63 . Two other small endothermic peaks at 8 and 20 were observed which are speculated to be the phase transition temperatures of the β-and γ-form hydrated crystalline phases. Comparing the CDTS-TEA/BEA/GMS-5 2/2/3 and 2/4/3 systems, the melting point of the α-form hydrated crystal was increased by increasing the ratio of BEA.
In order to identify the two small endothermic peaks, SWAXS measurements were taken from the CDTS-TEA/ BEA/GMS-5 2/4/3 system at several temperatures Figs. 7 a and b . As a result, the first peak positions in the SAXS region were almost unchanged at all temperatures. On the other hand, the WAXS patterns of this system were strongly influenced by temperature. A sharp peak around 16 nm 1 disappeared above 25 , suggesting that a phase transition from the β-or γ-form to the α-form hydrated crystalline phase occurred between 15 and 25 , which is consistent with the DSC results Fig. 6 for the β-or γ-form hydrated crystalline phases. Fukushima et al. tried to distinguish between the β-and γ-forms from X-ray diffraction peaks 3, 11, 25 . They reported that β-and γ-form hydrated crystalline phases were coexistent in the cetyl alcohol/polyoxyethylnene 15 mol oleyl ether/water system and that the q vectors of the peak positions in the WAXS region for the γ-form were higher than those of the β-form. Tasumi et al. reported that pure behenyl alcohol and pure stearyl alcohol form a γ-form hydrated crystalline phase and that pure cetyl alcohol forms both the β-and γ-form hydrated crystalline phases at low temperatures. In Fig. 6 f , there are two endothermic peaks for the CDTS-TEA/BEA/GMS-5 2/4/3 system below 25 , one at 8 and the other one at 20 . The DSC curve was consistent with the SWAXS measurements, namely, the γ-β phase transition occurs at 8 and the β-α phase transition at 20 . Hence, we conclude that the CDTS-TEA/BEA/GMS-5 2/4/3 system forms the γ-form hydrated crystalline phase below 8 , whereas the β-form hydrated crystalline phase is formed between 8 and 20 . In this study, all measurements were performed 10 days after preparation to ensure that the system could reach equilibrium. We repeated the temperature cycle between 0 to 50 several times but the DSC curves did not change. Hence, we conclude that both the γ-β and β-α phase transitions are reversible.
It was also surprising that a sharp peak was observed at 15.1 nm 1 , the same as the sodium methyl stearoyl taurate/ behenyl alcohol/water system or the stearyltrimethyl ammonium chloride/1-hexadecanol/water system, because the trisiloxane group is bulky and is thought to interfere with the packing of the molecules. It is well known that triacylglycerols demonstrate a complex polymorphism 26 35 .
Mykhaylyk et al. ascertained that 1,3-distearyol-2-oleoylsn-glycerol forms six crystal phases α 2 , α 1 , γ, β 1 , and β 2 . They reported that there is a sharp peak at 15.1 nm 1 in the SWAXS measurements associated with the α-form crystalline phase of 1,3-distearyol-2-oleoyl-sn-glycerol. Their Fourier reconstructed projections showed that the 1,3-distearyol-2-oleoyl-sn-glycerol molecules adopt a twochain packing motif in the α-form crystalline phase. Our system in this study is more complicated and so we cannot propose a packing motif, however, CDTS molecules could be integrated into the α-form hydrated crystalline phase by folding or twisting their trisiloxane group.
DOSY Experiments
In order to prove that each of the CDTS-TEA, BEA, and GMS-5 molecules were integrated into a single eutectic mixture, a DOSY experiment was performed. Figure 8 a shows a 1 H NMR spectrum of the CDTS-KOH/cetyl alcohol/ GMS-5 2/4/3 system at 40 . CDTS molecules were neutralized with KOH only in this experiment since signals derived from TEA would overlap with those from other materials. Furthermore, since the CDTS-KOH/BEA/GMS-5 2/4/3 system exhibits very low molecular mobility in its alkyl chains even at 40 and its signal was hardly observed for liquid NMR measurement, we substituted BEA for cetyl alcohol. The melting point of the α-form hydrated crystalline phase formed by the CDTS-KOH/cetyl alcohol/GMS-5 2/4/3 system was at 59 data not shown , higher than 40 . We have also confirmed that the CDTS-KOH/cetyl alcohol/GMS-5 2/4/3 system forms an α-form hydrated crystalline phase from SWAXS and DSC measurements data not shown . Signals derived from trimethylsilyl groups, alkyl chains, poly ethylene oxide moieties, and water were clearly observed around 0, 1.1, 3.5, and 4.6 ppm, respectively. Although the signal from the alkyl chains was a mixture of signals from cetyl alcohol, CDTS, and GMS-5, we selected this signal to identify cetyl alcohol. Figure 8 b shows a DOSY spectrum of this system. The sliced-DOSY spectra were obtained by slicing in the direction indicated by the dashed lines in Fig. 8 b . Figure 8 c shows an overlay plot of sliced-DOSY spectra of CDTS 0 ppm , cetyl alcohol containing other alkyl chains 1.1 ppm , GMS-5 3.5 ppm , and water 4.6 ppm . If each of the CDTS, cetyl alcohol, and GMS-5 molecules are integrated into the same the α-form hydrated crystalline phase, all D sel values would be the same and all of the sliced-DOSY spectra would overlap. As shown in Fig. 8 c , the sliced-DOSY spectra shapes overlap very well with each other and exhibit very small values, indicating that all these molecules were integrated into the same α-form hydrated crystalline phase. Also, as its D sel value was very small, the α-form hydrated crystalline phase is thought to form a structure with low mobility, such as a three-dimensional network structure. The D sel value of the ethylene oxide moiety was slightly larger than that of the trimethylsily group or alkyl chains. Trimethylsily groups and alkyl chains are hydrophobic groups, whereas ethylene oxide is a hydrophilic one. Hence, the ethylene oxide moiety is speculated to contact water molecules between the layers of the α-form hydrated crystals. On the other hand, the trimethylsily group and alkyl chains are densely packed in the bilayers. Therefore, the ethylene oxide moiety can move more easily than the trimethylsily group or alkyl chains. The sliced-DOSY spectrum of water had two peaks and the D sel values were about 10 12 and 10 10 m 2 /s. The small D sel value is speculated to be derived from water molecules in the interlayers, whereas the large one is speculated to be derived from water molecules in the bulk. We previously reported D sel values for slow water and fast water at a concentration of 80 wt in the sodium methyl stearoyl taurate/BEA/water system. The values obtained in this study are consistent with those in the previous report 8 . 
Rheological Measurements
Rheological measurements were performed to understand the viscoelastic properties of this system. Figure 9 a shows the flow curves for the CDTS-TEA/BEA/GMS-5 2/4/3 system at several temperatures. We expected that there would be some significant differences at temperatures below and above 20 because the crystal structures of this system are largely changed at this temperature. However, the results indicated that there were no big differences below and above 20 except for at small shear rates 0.0001 s 1 . The viscosities measured at 0.0001 s 1 at 5 and 15 were slightly higher than those at 25, 35, and 50 . Figure 9 b shows the temperature dependence of the dynamic viscoelasticity of this system. The tanδ values are given by tanδ loss modulus G / storage modulus G , where tanδ quantifies the balance between energy loss and storage. The tanδ values greater than one indicate more liquid properties, whereas those less than one mean more solid properties, regardless of the viscosity 36 . The tanδ values for this system were always below one throughout the temperature studied. The values rose between 5 and 20 , became flat between 20 and 40 , and then rose again above 40 . The first rise is probably due to the phase transition and the second is probably due to approaching to the melting point at 63 .
CONCLUSION
In this study, to create a new system forming an α-form hydrated crystalline phase, we designed a new carboxy modified silicone surfactant, 3-10-carboxydecyl-1,1,1,3,5,5,5-heptamethyl trisiloxane CDTS using materials provided by Dow Corning Toray. To the best of our knowledge, this is the first report that a certain silicone surfactant can form an α-form hydrated crystal. The physicochemical properties of the hydrated crystalline phases of the CDTS/higher alcohol/GMS-5/water system were evaluated through SWAXS, DSC, NMR, and rheological experiments. Different from the sodium methyl stearoyl taurate/ behenyl alcohol/water system, the α-form hydrated crystal was hardly formed in the CDTS/higher alcohol/water ternary system. CDTS had poor compatibility with BEA, probably because the alkyl chain length of CDTS is much shorter than that of BEA, although we did not evaluate the system with other higher alcohols such as dodecyl alcohol or tetradecyl alcohol. By adding GMS-5 molecules to the ternary system, however, all of the CDTS-TEA, BEA, and GMS-5 molecules were integrated into the same crystal. A wide region of a single α-form hydrated crystalline phase was observed since GMS-5 has excellent compatibility with both CDTS-TEA and BEA. The interplanar distance of the CDTS-TEA/BEA/GMS-5 2/4/3 system was 24.2 nm larger than that of the sodium methyl stearoyl taurate/BEA/water system, which means that more water molecules are solubilized in the interlayer of this hydrated crystal and that this system has excellent potential to stabilize O/W emulsions. The tanδ values obtained from rheological measurements suggested that this system always has more solid properties at temperatures between 5 and 50 . The results also showed that this system can be applied as a stabilizer of O/W emulsions. To the best of our knowledge, this is the first study to report that silicone surfactants can form an α-form hydrated crystalline phase with higher alcohols. Due to the physicochemical properties of silicone surfactants, they hardly form crystalline phases at ambient temperature and CDTS is also in a liquid state at ambient temperature. CDTS molecules have a carboxy decyl group, however, which enables them to be integrated into the crystalline phase. It may be possible to create a new silicone surfactant, which is more suitable for forming an α-form hydrated crystalline phase with higher alcohols. We think that this is the first step towards understanding and creating α-form hydrated crystal systems containing silicone surfactants. 
